Purpose. Hyperthermia is one of the known risk factors for sudden infant death syndrome (SIDS). Hyperthermal stress can induce the heat shock response with increased expression of heat-shock proteins (hsps).
I
n Germany 682,069 infants were born in 2014 [1] . In the same year, 152 infants (0.02%) died from an unknown cause of death, and were classified as sudden infant death syndrome (SIDS). The incidence of SIDS has decreased over time in Germany; only 10 years earlier the incidence was 0.05% and 20 years earlier 0.11%.
According to the triple risk hypothesis, SIDS appears to be the result of an inherent vulnerability with cerebral insufficiency in the critical developmental period, especially in respiratory and cardiac control, with apneainduced hypoxia in combination with environmental stress factors while sleeping [2, 3] . Many of these risk factors leading to death are known (4-9) ( Table 1 ). The most studied risk factor is the prone sleeping position [2, [10] [11] [12] . However, numerous studies have also focused on the risk factor of hyperthermia or increased body core temperature (Table 2) .
Hyperthermia and overheating was first detected as a risk factor because high ambient temperatures were found at the place of death or overly warm covering or clothing of the infants was evident. Furthermore, high core body temperatures have been measured in SIDS.
As a direct result of hyperthermia, vasodilatation with hyperemia in the tissues and increase of metabolism with consecutive higher need of oxygen is found [19, 20] .
Heat shock proteins (hsps) are found in all organisms, including humans [21] , in various cellular compartments. In the event of temperature-induced cellular stress, hsps are expressed quickly and at high concentrations [22, 23] and interact with denatured proteins, repairing or degrading them [24] . Pre-death changes of ambient temperatures with an increase or decrease of the core body temperature can be verified by the immunohistochemical visualization of hsp expression [22] . The question therefore arose whether hyperthermia as a potential pre-death risk factor in SIDS can be verified by the expression of hsp27 and hsp70, especially because the increase of the core body temperature in fever also activates the heat shock response with elevated hsp levels [21, 24] . The presented study is a follow up study [25] .
MAterIAl AnD MetHoDS
The study group included 120 SIDS cases (category IB of San Diego classification of SIDS) [20] , autopsied at the Institute of Forensic Medicine of the University of Bonn, Germany. There were 74 male and 46 female infants with an age range from 7 to 344 days. In all cases, identifiable indications for a cause of death were not found in the prehistory, the autopsy findings and extensive postmortem investigations including toxicological, histological, immunohistochemical and microbiological studies. Therefore, in all cases SIDS was designated as the cause of death. In 49 cases a prone sleeping position and in 11 cases warm bedding was reported.
The control group included 29 cases, with 16 male and 13 female infants with an age range of 4 days to 9 years. The group comprised variable causes of death, with both natural and non-natural causes (Table 3) .
During forensic autopsies tissue samples of the heart, lung, and kidney were taken as evidence. The samples were fixed in 8-10% formalin. After fixation, the tissue samples were embedded in paraffin wax, sliced (3-4 μm), and stained with anti-Hsp27 (mouse antihsp27 monoclonal antibody; Novo Castra®) and antiHsp70 (mouse anti-hsp70 monoclonal antibody, Novo Castra®, Novocastra Laboratories Ltd, Newcastle upon Tyne/United Kingdom) antibodies and hematoxylineosin (H&E). In every staining run, tonsil tissue was used as a positive control. One sample of tonsillar tissue was incubated without primary antibody and one without secondary antibody as negative controls. Thirty visual fields in every slide were examined by light microscopy at ×400 magnification. For every organ, different organ structures were evaluated ( Table 4) .
The immunohistochemical reaction of the tissue was graded semiquantitatively using a four-point scale according to Preuss et al. [26] . The number of positive reddish stained structures/cells in relation to all investigated structures/cells visible in each visual field was determined as a percentage (Table 5 ). For every analyzed organ structure and case a mean value over all 30 visual fields was calculated and finally graded according the pattern shown in Table 5 and Figs. 1 and 2. 
reSultS
Evaluation of hsp27 expression revealed that it was hardly expressed in either the study or the control group. In both groups, there was a low level of hsp27 expression of different intensities in the pulmonary tissue in the respiratory epithelium and vessels (Figs. 3-8) .
Hsp70 expression could not be detected in any SIDS or control sample.
DIScuSSIon
The most investigated risk factor for SIDS is the prone sleeping position [2, [10] [11] [12] 27] . This sleeping position increases the risk of hypercapnia, hypoxia and hyperthermia [3, 28] . However, in addition to the inevitable and continual discussion of the consequent obstruction of respiration and cerebral blood flow, a prone sleeping position per se can lead to disturbance of physiological temperature regulation. Due to the limited mobility in a prone sleeping position and the relatively large contact area of the head and body with the sleeping surface, heat emission can be impeded and heat accumulation can result, which requires physiological mechanisms to maintain the core body temperature at a constant level [29] [30] [31] [32] .
In the presence of an additional adverse factor, such as warm covering of the infant, decompensation of thermoregulation with an increase of the core body temperature may result. This hyperthermal stress can lead to death in cases of apnea-induced hypoxia [33] .
The predominantly negative results of the present study, with no proof of increased hsp-expression in SIDS cases, lead to the discussion whether hyperthermia can really be counted as a risk factor or even influences death at all, as an increase of the core body temperature is not associated with verified hsp expression.
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Graduation Explanation Studies have shown that the core body temperatures in infants which were designated as SIDS after autopsy is 38-40°C [17, 18] . Indeed, hsp expression is dependent on the level of the core temperature or the temperatures to which cells are directly exposed. The physiological core body temperature in humans is 37°C and can vary by up to 1°C [34] . At 37°C there is a physiological low hsp expression in all cells [21, 35, 36 ], which can vary in level between the different hsp families. When there is fever accompanying infections, the balance between heat generation and elimination is disturbed and the heat shock response is induced, with expression of hsps when there is an increase of more than 4°C in core temperature above baseline [21, 24] . Nevertheless, some tissues, such as the brain and kidneys, are more sensitive than others and may even react at lower core temperatures [37] . Thus, fever could be verified by the postmortem demonstration of hsp expression.
However, induction of hsp expression occurs above 40°C, whereby 41.8 to 42.5°C is the optimal stimulus for hsp expression [35, 36] . Furthermore, a study by Becker et al. has shown that at temperatures below 41.8°C, hsps are not markedly expressed by healthy cells [38] . Above 41.8°C hsp expression increases twentyfold [36, 39] . Other studies revealed that around temperatures of 41°C cell death occurs [40, 41] . In fire victims with a rapid elevation of the body's core temperature it could be demonstrated that hsp27 is expressed fast (within minutes in various organs, especially pulmonary tissue). With increasing survival time hsp70 expression predominates hsp27 expression [23] . Moreover, in hypothermia, marked hsp expression could be demonstrated, especially in the kidney [26] . Therefore, regarding the present results and the death circumstances of the infants, no Hsp expression would be expected at body core temperatures between 38 and 40°C, as no cell stress occurs.
The results of the present study are congruent with other published studies. Hsp27 expression was demonstrated, because hsp27 is always present at a certain level in all human tissues [42] . In contrast, Hsp70 is mostly expressed under stressful conditions [42] . This could explain the negative results in the study and control groups for Hsp70. Notably, while healthy cells are protected by hsps and their repair mechanisms, heating above 45°C leads directly to cytotoxic effects [35] .
In contrast to our results, Rhode et al. published a study demonstrating higher expression of hsp70 encoding genes in the SIDS group compared with a control group in cases of thermal stress of approximately 40°C and with different incubation times over several hours [28] . They investigated cultured fibroblasts taken from Achilles tendons at forensic autopsy without studying the corresponding gene products, the hsps. In contrast, we investigated the hsp expression directly in the organs of infants.
When cells are exposed to moderate sublethal temperatures, they can subsequently tolerate fatal temperatures without damage to the cell structures [ [41] [42] [43] . This is the phenomenon of thermotolerance -the second way for hsps to react to heat stress (heat shock response). The higher and longer the sublethal temperature, the more pronounced and long-lasting the thermotolerance. Thermotolerance or adaption to heat is developed more slowly than a direct heat shock response [39, [44] [45] [46] . In an animal-based study, 16 to 24 hours after heat exposure thermotolerance occurred in cells and within approximately 24 hours [45] . There is no agreement in the literature as to whether this thermotolerance is associated with increased hsp expression or not. Some studies revealed heat exposure without heat shock protein expression [47, 48] . Alternatively, possibly only select hsps are involved in thermotolerance [49] . Therefore, possibly cells develop thermotolerance from a slow rising core body temperature (formation of fever) and can thus tolerate high fever without relevant cell damage. Interestingly, even cross-tolerance has been reported, in which exposure to stress factors can result in tolerance to other stimuli [50] .
Furthermore, insufficient hsp expression has been discussed in SIDS infants, where the cells are exposed to noxious influences without protection. Elevated temperatures would damage cell structures without the protection of hsps, leading to cell death. Various gene polymorphisms are hypothesized, with the result that ineffective hsps are formed, which are insufficient to protect the cell structures [51, 52] .
concluSIonS
Pre-death hyperthermic effects with the expression of hsp27 and hsp70 could not be verified by immunohistochemistry in SIDS. A lack of expression of hsp27 and 70, however, does not exclude pre-death hyperthermia and its influence on SIDS. The physiological increase in body core temperature, in accordance with the results of other studies, causes no relevant cell stress associated with an increase in hsps. However, hyperthermia is not likely to have a significant effect on the death rate of infants in SIDS when hsp expression is absent. In the event of decompensation of the tolerance period, an increase in hsp expression, which would be detectable, would be expected.
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